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Abstract
We study magnetism of zigzag graphene nanoribbons (ZGNRs) whose ribbon widths are 1.8
nm » 2.2 nm by performing ﬁrst-principles density functional theory calculations. In contrast
with freestanding ZGNRs, ZGNRs directly adsorbed on Ni(111) do not show flat-band magnetism
due to strong orbital hybridization between edge-localized C p-orbitals and Ni d-orbitals. The
ﬂat-band magnetism of the ZGNR is recovered by introduction of a graphene sheet between the
ZGNR and Ni(111) as a buﬀer layer which weakened the orbital hybridization. In this case, a
parallel conﬁguration of spin moments at the two edges has lower energy than the anti-parallel
spin conﬁguration whereas the magnetic ground state of the freestanding ZGNR has an anti-
parallel spin conﬁguration. We explore the eﬀects of orbital hybridization and charge transfer on
the magnetic stability of ZGNRs on graphene/Ni(111).
PACS numbers: 71.15.-m, 73.22.Pr, 75.75.-c, 81.05.ue
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I. INTRODUCTION
Graphene, a two-dimensional honeycomb lattice consisting of C atoms, shows useful prop-
erties for spintronics applications. The spin transport has been observed in mono- and multi-
layer graphene experimentally [1–3]. The spin injection was succeeded in room temperature,
convincing realization of graphene spintronics devices in future.
Zigzag graphene nanoribbons (ZGNRs) are important in spintronics application because
ZGNRs shows flat-band magnetism induced by peculiar localized electronic states at each
edge[4, 5]. Previous ﬁrst-principles calculations predicted that the magnetic ground state
of the ZGNR is an anti-parallel interedge spin (APIES) state: two ferromagnetic (FM)
chains at the edges have opposite spin directions[6]. The cancellation of ferromagnetic spin
moment at each edge leads to the zero total magnetization of ZGNR. Substantial total
magnetization of ZGNR is expected to open a gateway into a spintronics application. So,
there were several attempts to obtain ﬁnite magnetization in ZGNRs[7]. It was predicted
that the ZGNR is magnetized when the numbers of monohydrogenated and dihydrogenated
carbons are diﬀerent[8]. It was recently found that the magnetization of ZGNRs can be
achieved by carrier doping: As carriers increase the magnetic state is changed from the
APIES to the parallel-interedge spin (PIES) state through the noncollinear interedge spin
state[7].
So far, magnetism of freestanding systems of the monolayer type[4–8] and of multilayer
types[9–11] have been mainly studied. Since nano-devices are structured on substrates
in practical applications, understanding of eﬀects of substrates on magnetic properties of
ZGNRs is necessary. The structural and electronic properties of graphene on substrates, such
as Ni(111)[12], Co(0001)[13], Ru(0001)[14], Ir(111)[15], SiC[16] and SiO2[17] were reported.
Among them, the Ni(111) substrate is important because of the lattice commensuration[18].
Since the Ni substrate has a FM property, magnetism of ZGNRs is expected to be aﬀected
by the magnetic interaction between the substrate and ZGNRs. It is also noticed that there
is charge transfer from metal substrate to the graphene[19]. It is expected that the magnetic
state is also aﬀected by this charge transfer.
In this study, we perform ﬁrst-principles density functional calculations of the monolayer
ZGNR on Ni(111) [Fig. 1 (a) and (b)] and the ZGNR on a graphene sheet over Ni(111)
[ZGNR/graphene on Ni(111)] [Fig. 1 (c)]. We reveal that magnetic moments of edges in
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the monolayer ZGNR on Ni(111) are very small and do not show flat-band magnetism. On
the other hand, we ﬁnd that the magnetic moments of edges are substantial in the case
of the ZGNR/graphene on Ni(111). The magnitude of the moment is comparable with
that in the free-standing case. The PIES state is the most stable and the direction of the
magnetic moment of the ZGNR is parallel to that of the substrate. These ﬁndings suggest
that substrates have signiﬁcant eﬀects on magnetism of ZGNRs, and thus are important in
device applications in future.
II. COMPUTATIONAL METHODS
By using the OPENMX code[20], we perform ﬁrst-principles electronic-structure calculations
based on the density functional theory (DFT) within the generalized gradient approximation
(GGA)[21]. The norm-conserving pseudopotential method[22] is used. We use the linear
combination of multiple pseudo atomic orbitals generated by a conﬁnement scheme[23, 24].
The orbitals are speciﬁed by H5.0-s2p1, C5.0-s2p2 and Ni6.0-s2p2d2: for an example, in the
case of the C atom, C5.0-s2p2 means that the cutoﬀ radius is 5.0 bohr in the generation by
the conﬁnement scheme[23, 24], and two primitive orbitals for each of s and p components
are used. The partial core correction[25] is carried out for C and Ni atoms. The magnetic
moment for each atom is estimated by a fuzzy cell partitioning method[26].
We use slab models to simulate the two systems in Fig. 1. The ribbon width N of the
ZGNR is taken to be 8 [Fig. 1 (a)] and the unit cell includes 16 C, 2 H and 42 Ni atoms. We
sample 30 k points in the periodic direction (x-direction): the total energy varies within only
0.04 meV/cell when 40 k points are used. The ZGNRs in the ribbon direction (y-direction)
are separated by 12.1A˚. The number of Ni(111) layers are taken to be three and the length of
the vacuum region in the z-direction is 10.5A˚. When the number of Ni layers is taken to be 4,
the most stable spin conﬁguration does not change. The lattice constant in the x-direction is
taken to be 2.49A˚ which is 1=
p
2 of the fcc Ni lattice constant 3.52A˚. The value of the lattice
constant 2.49A˚ corresponds to the fact that the lattice of the graphene expands by 1.2 %.
This stretched lattice is found to have a negligible eﬀect on the magnetic state: in the case
of the freestanding ZGNR, the stretching varies the diﬀerence between the total energies of
the APIES and PIES states by only 0.2 meV/cell. We use the interlayer distance determined
by the low-energy electron diﬀraction experiment[18]: the distances between the ZGNR and
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ﬁrst Ni layer, between the ﬁrst and second Ni layers and between the second and third Ni
layers are 2.14A˚, 1.96A˚ and 2.09A˚, respectively. The relative horizontal (x-y) positions of the
C honeycomb structure to those of the Ni(111) surface are taken to be the same as those of
the experiment[18]. In the case of the ZGNR/graphene on Ni(111), we use the AB-stacking
structure for the ZGNR and graphene sheet, and the interlayer distance between the ZGNR
and graphene is 3.35 A˚, which is taken to be the same as the experimental interlayer distance
of graphite.
In Section III C, we will study the ZGNR/graphene on Ni. As was mentioned above, we
use the experimental values for the positions of the C honeycomb structure of the graphene
on the Ni(111) surface. When we optimize the relative horizontal (x-y) positions of the C
honeycomb structure to those of the Ni(111) surface, the atomic position is relaxed within
0.05 A˚ and thus this relaxation eﬀect on the energetics can be neglected. Actually we ﬁnd
that the relative energies among the three magnetic states studied in Sec.III C vary by at
most 0.4meV/cell.
III. RESULTS AND DISCUSSION
A. ZGNR on Ni
We ﬁrst study the monolayer ZGNR on the Ni(111) substrate. In the cases of freestand-
ing ZGNRs having the APIES and PIES states, the peaks of the density of states (DOS)
originating from the edge state appear near the Fermi energies [Fig. 2 (a) and (b)][4, 5].
On the other hand, these peaks disappear in the case of the ZGNR on Ni(111) [Fig. 2 (c)]
due to strong orbital hybridization between edge-localized p-orbitals and Ni d-orbitals. The
magnetic moments of the ZGNR on Ni(111) are not localized at the edges and are broadly
distributed [Fig. 3]. The atomic magnetic moment averaged over the C atoms in the ZGNR
is less than 0.05 ¹B/atom and is much smaller than those of freestanding ZGNRs having the
APIES (0.25 ¹B/atom) and PIES (0.24 ¹B/atom) states at the edges. Therefore ZGNRs
directly adsorbed on Ni(111) do not show flat-band magnetism. As is seen in Fig. 3, antifer-
romagnetic (AFM) coupling between the A and B sublattices is prominent. The projected
density of states (PDOS) for all Ni atoms is similar to the DOS of the isolated Ni substrate
(Fig. 4). The averaged atomic magnetic moment of the ﬁrst Ni layer is 0.59 ¹B/atom which
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is somewhat smaller than that of the isolated Ni substrate (0.66 ¹B/atom).
B. Graphene on Ni
We next study the graphene on Ni(111). We use the unit cell which includes the 2 C
and 3 Ni atoms. Whereas the isolated graphene has the nonmagnetic (NM) ground state,
the graphene on Ni(111) has magnetic moments. Therefore, the PDOS for the graphene is
drastically modiﬁed due to the eﬀect of the FM Ni substrate (Fig. 5): whereas the DOS
is zero at the Fermi level in the freestanding graphene [Fig. 5 (a)], the DOS is not zero in
the case of the graphene on Ni(111) [Fig. 5 (b)]. We ﬁnd AFM-like coupling between the
A and B sublattices of the graphene, which is similar to that of the ZGNR on Ni(111) (Fig.
3). Since these two sublattices are nonequivalent because of the substrate, the magnetic
moments are diﬀerent: 0.021 ¹B/atom and 0.027 ¹B/atom for the up (majority) and down
(minority) spin states, respectively.
C. ZGNR/Graphene on Ni
Since it is expected that the graphene plays a role as a buﬀer layer on the Ni(111)
substrate, we study the ZGNR/graphene on Ni(111) [Fig. 1 (c)]. We consider the APIES
state as well as PIES-1 (PIES-2) state where the spin direction of the ZGNR is the same
as (diﬀerent from) that of the Ni substrate [Fig. 6]. We ﬁnd that the PIES-1 state is the
most stable: the diﬀerence between the total energies of the PIES-1 and APIES states is
4.2 meV/cell and that between the total energies of the PIES-1 and PIES-2 states is 5.9
meV/cell. In the cases that the ribbon widths are 9 and 10, the PIES-1 state is also found
to be the most stable. These results show that the magnetic interaction between the ZGNR
edges and Ni substrate is ferromagnetic. Whereas the localized edge state disappears in the
ZGNR on Ni(111), the ZGNR/graphene on Ni(111) has the localized edge state (Fig. 7).
The magnetic moments at the two edges of the PIES-1 state ZGNR are 0.18 ¹B=atom and
0.20 ¹B=atom which are close to that of the freestanding ZGNR having the PIES state (0.24
¹B=atom).
The PDOS of the graphene sheet in the ZGNR/graphene on Ni(111) are very similar
among the three magnetic states [Fig. 8 (b), (d) and (f)] and are similar to the PDOS of
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the graphene sheet on Ni(111) [Fig. 5 (b)]. Therefore, the PDOS of the graphene is aﬀected
very little by top layer ZGNRs. The PDOS of the ZGNR having the PIES-1 state shows
that the two peaks near the Fermi level are broadened whereas those of the freestanding
ZGNR having the PIES state are sharp[Fig. 8 (a) and Fig. 2 (a)]. On the other hand, the
PDOS of the PIES-2 state is similar to that of the freestanding ZGNR having the PIES
state [Fig. 8 (c) and Fig. 2 (a)].
Here we discuss the relation of the PDOS of ZGNRs and the magnetic stability. In
the case of the PIES-1 state, the locations of the peaks of the up (majority) and down
(minority) near the Fermi level of the ZGNR are similar to those of the graphene: the up
and down peaks are placed below and above the Fermi level, respectively [Fig. 8 (a) and (b)].
These similar locations of the up and down peaks are expected to enhance the hybridization
between the orbitals of the ZGNR and graphene and induce broadening of the PDOS of
the ZGNR. On the other hand, in the case of the PIES-2 state, the PDOS peaks of the up
and down spin states of the ZGNR are located above and below the Fermi level. Thus, the
locations are opposite to those of the graphene where the peaks of the up and down spin
states are located below and above the Fermi level. These opposite locations reduce the
orbital hybridization and cause the fact that the peaks are not so broadened. The strong
orbital hybridization of the PIES-1 state is expected to cause the fact that the PIES-1 state
has lower energy than the PIES-2 state.
The peaks of the APIES state are somewhat broadened compared with those of the
freestanding ZGNR having the APIES state [Fig. 8 (e) and Fig. 2 (b)]. This broadening
due to the orbital hybridization is expected to lower the total energy of the APIES state.
Therefore, its energy is lower than that of the PIES-2 state, though it is higher than that
of the PIES-1 state.
We have discussed the eﬀect of the orbital hybridization. Beside the orbital hybridization
eﬀect, the charge transfer from the substrate into the ZGNR aﬀects the magnetic stability
as was shown in a previous study[7]. We ﬁnd that electrons are injected into the ZGNR in
the case of the three magnetic states. The Fermi level shifts upward from the case of the
freestanding ZGNRs [Fig. 8 (a), (c), (e) and Fig. 2 (a), (b)]. For all three magnetic states,
by using a fuzzy cell partitioning method[26], the number of injected electrons are estimated
to be 0.1 e/cell in the ZGNR and 1.5 e/cell in the graphene sheet. The electron transfer
from the substrate into the ZGNRs is expected to aﬀect the magnetic stability. It is noted
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that previous DFT study of the graphene on Ni(111)[27] found the electron transfers from
the Ni substrate to the graphene, which is consistent with our results.
IV. SUMMARY
We have performed ﬁrst-principles DFT calculations to clarify the magnetism of the
monolayer ZGNR on Ni(111) and ZGNR/graphene on Ni(111). We studied ZGNRs whose
ribbon widths are 1.8 nm » 2.2 nm. We found that the magnetic moments at the edges are
small in the monolayer ZGNR on Ni(111) and do not show flat-band magnetism. On the
other hand, in ZGNR/graphene on Ni(111), we found that magnetic moments of the edges
are substantial and are close to those of the freestanding ZGNRs. The flat-band magnetism
is recovered by the buﬀer graphene sheet. The magnetic ground state is the PIES-1 type
[Fig. 6 (a)]. We reveal the orbital hybridization between the edge C atoms of the ZGNR and
graphene and electron injection induced by the charge transfer from the Ni(111) substrate
to ZGNR. These features are expected to have a signiﬁcant eﬀect on the energetics of the
magnetic state.
It is well known that the APIES state is the ground state of the freestanding ZGNR.
However, we found that the PIES-1 state has 4.2 meV/cell lower energy than the APIES
state in the ZGNR/graphene on Ni(111). Therefore, this study demonstrated that substrates
have signiﬁcant eﬀects on the magnetism of ZGNRs. This ﬁnding is important for device
applications of ZGNRs.
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Fig. 1. (Color onlin) Atomic structure of the ZGNRs (N = 8) on Ni(111). The yellow
(middle size) and light blue (smallest size) spheres denote C and H atoms, respectively. The
red, green, and blue (largest size) spheres denote the Ni atom at the ﬁrst, second, and third
layers, respectively. (a) and (b) show the xy-plane and yz-plane for the monolayer ZGNR
on Ni(111). The rectangle in (a) denotes the unit cell and N represents the ribbon width of
the ZGNR. (c) shows the yz-plane for the ZGNR/graphene on Ni(111).
Fig. 2. (Color online) DOS of freestanding ZGNRs having the PIES (a) and APIES (b)
state, respectively. The PDOS of the ZGNR on Ni(111) is shown in (c). The energy is
measured from the Fermi energy. The solid and dashed lines denote the up and down spin
states, respectively.
Fig. 3. (Color online) Spin densities of the monolayer ZGNR on Ni(111). (a) The spatial
distribution of spin density on the xy-plane. The diﬀerence between the spin densities of the
majority (up) and minority (down) components is presented. (b) The side view of the spin
density. The red and blue denote the up and down spin states, respectively. The isovalues
are 0.002 e=Bohr3
Fig. 4. (Color online) DOS of Ni atom. DOS of the isolated Ni substrate (a) and PDOS
of the Ni substrate in the ZGNR on Ni(111) (b). The solid and dashed lines denote the up
and down spin states, respectively. The energy is measured from the Fermi energy.
Fig. 5. (Color online) DOS of the isolated graphene (a) and PDOS of the graphene in the
graphene on Ni(111) (b). Note that the isolated graphene is not AFM but NM. The solid
and dashed lines denote the up and down spin states, respectively. The energy is measured
from the Fermi energy.
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Fig. 6. (Color online) Magnetic structures of ZGNR/graphene on Ni(111). The PIES-1,
PIES-2 and APIES states are shown in (a), (b) and (c), respectively. The short and long
slabs denote the ZGNR and graphene sheet, respectively. The rectangle denotes the Ni
layer. The black arrows denote the direction of magnetic moments.
Fig. 7. (Color online) Isosurfaces of spin density of the PIES-1 state of ZGNR/graphene
on Ni(111). The ZGNR plane (upper line) and graphene one(lower line) are presented and
the Ni substrate is omit. The red and blue isosurfaces denote the up and down spin states,
respectively. These isovalues are 0.002 e=Bohr3
Fig. 8. (Color online) PDOS of the ZGNR and graphene sheet in ZGNR/graphene on
Ni(111). The PDOS of the ZGNR for the PIES-1, PIES-2 and APIES states are shown in
(a), (c) and (e), respectively and that of the graphene for the PIES-1, PIES-2 and APIES
states are shown in (b), (d) and (f), respectively. The solid and dashed lines denote the up
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